Abstract We previously identified two inbred mouse strains, C57BL/6J and CASA/Rk, with different plasma plant sterol levels. An intercross between these strains revealed a broad plasma plant sterol locus on chromosome 14, which peaked at 17 centimorgan (cM) with a maximum logarithm of the odds score of 9.9. Studies in a chromosome 14 congenic strain, 14KK, with a 4-60 cM CASA/Rk interval on the C57BL/6J background revealed that males, but not females, had decreased plasma plant sterol levels and intestinal cholesterol absorption. In two subcongenic strains, 14PKK and 14DKK, with 4-19.5 and 19.5-60 cM CASA/Rk intervals, respectively, both males and females had decreased plasma plant sterol levels and decreased intestinal cholesterol absorption. Compatible with the decreased plasma plant sterol phenotype, 14PKK mice had increased biliary plant sterol excretion, whereas 14DKK mice did not. Therefore, gender-dependent interactions of genes at the 14PKK and 14DKK intervals are likely to underlie the 14KK interval effect on plasma plant sterol levels and sterol absorption from the intestine. These studies confirm the plasma plant sterol locus on mouse chromosome 14 and provide evidence that there are at least two sets of genes operating: one set affecting intestinal sterol absorption and biliary excretion, and the other set mainly affecting intestinal sterol
The absorption of cholesterol from the intestine plays an important role in controlling plasma cholesterol levels, which are a well-established risk factor for atherosclerotic cardiovascular diseases. The diet of an average Western adult contains 250-500 mg of cholesterol and 100-250 mg of plant sterols, a specific class of sterols that are synthesized exclusively by plants, poorly absorbed from the diet, and whose plasma levels correlate directly with the intestinal cholesterol absorption rate (1, 2) . Studies in humans, under strict metabolic-ward conditions, have found very large individual differences in intestinal cholesterol absorption rates, with some subjects absorbing only 20-30% of their daily cholesterol intake and others absorbing .70% (3). It is likely that genetic factors contribute to this variability. To identify genes controlling cholesterol absorption, we identified two inbred mouse strains, C57BL/6J and CASA/Rk, with different plasma plant sterol levels and through an intercross mapped a broad locus to chromosome 14, which peaks at 17 centimorgan (cM) with a maximum logarithm of the odds (LOD) score of 9.9, and two additional loci on chromosome 2, which peak at 18 and 65 cM with maximum LOD scores of 4.1 and 3.65, respectively (4) .
This study was designed to confirm the effect of the chromosome 14 locus on plasma plant sterol levels through the creation and study of congenic and subcongenic mice. We generated one chromosome 14 congenic strain, designated 14KK, with a 4-60 cM CASA/Rk interval, introgressed onto the C57BL/6J background, and two subcongenic strains, designated 14PKK and 14DKK, with 4-19.5 and 19.5-60 cM chromosome 14 CASA/Rk intervals, respectively. Studies in congenic and subcongenic strains revealed that the chromosome 14 locus affects plasma plant sterol levels predominantly through effects on sterol absorption from the intestine and that this locus is complex, with at least two genes controlling the level of plasma plant sterols and cholesterol absorption rates.
METHODS

Animals and diets
We first generated a chromosome 14 congenic strain with a 56 cM CASA/Rk interval, from 4-60 cM, introgressed onto the C57BL/6J background. This congenic strain was then used to generate two subcongenic strains, 14PKK and 14DKK, with 4-19.5 and 19.5-60 cM CASA/Rk intervals, respectively (Fig. 1) . To generate the 14KK congenic strain, a speed congenic approach was used as described previously for other loci (5) . Congenic mice with the C57BL/6J interval on the CASA/Rk background were not generated because the difficulty of breeding mice on this background precluded generating sufficient animals for the speed congenic technique (6) . To generate 14PKK and 14DKK subcongenic strains, congenic 14KK males were first backcrossed onto C57BL/6J females to generate animals that are heterozygous at the 14KK interval. 14KK heterozygous males were then backcrossed onto C57BL/6J females, the progeny were genotyped for 11 chromosome 14 markers, and recombinant males and females heterozygous for the CASA/Rk alleles at the 4-19.5 cM interval (between D14Mit251 at 4 cM and D14Mit233 at 19.5 cM) or the 19.5-60 cM interval (between D14Mit259 at 19.5 cM and D14Mit267 at 60 cM) were selected for further breeding. In a last step, heterozygous males and females were intercrossed to generate 14PKK and 14DKK subcongenic animals homozygous for the CASA/Rk genotype at the 4-19.5 and 19.5-60 cM intervals, respectively. It is of note that both congenic strains were homozygous for the C57BL/6J allele at D14Mit19, which maps between D14Mit233 and D14Mit259, confirming that 14PKK and 14DKK are nonoverlapping congenic strains. The experimental design compared either 14KK, 14PKK, or 14DKK animals with wild-type C57BL/6J mice that were age-and sex-matched. The logistical difficulties of breeding the numbers of mice required precluded comparing 14KK, 14PKK, 14DKK, and wild-type mice in the same experiment. All animals were bred and housed in a single humidity-and temperaturecontrolled room with a 12 h light/dark cycle (6 AM-6 PM light) at the Laboratory Animal Research Center at The Rockefeller University. Animals were fed Picolab Rodent Chow 20 pellets (catalog number 5053) containing 0.02% (w/w) cholesterol. All experiments were approved by the Institutional Animal Care and Research Advisory Committee.
Genotyping
Animal tail tips were digested with proteinase K, and the extracts were ethanol-precipitated for DNA isolation. Animals were genotyped for microsatellite markers polymorphic between C57BL/6J and CASA/Rk using fluorescently labeled primers for PCR amplification, and allele size was analyzed as described previously (4) .
Cholesterol absorption and plasma plant sterol measurements
Eleven week old chromosome 14 congenic or subcongenic mice and age-and sex-matched control C57BL/6J mice were individually placed in metabolic cages. Food consumption was measured and percentage cholesterol absorption determined using a modified form of the dual-isotope method described previously (7) . Briefly, animals received an intragastric bolus of 100 ml of olive oil containing 1.67 mCi of [
14 C]cholesterol (Amersham Biosciences) and 0.67 mCi of [ 3 H]b-sitostanol (American Radiolabeled Chemicals, St. Louis, MO). The animals were returned to metabolic cages, and feces were collected for 24 h. Collected feces were dried by overnight incubation at 558C, homogenized, and extracted with chloroform-methanol (2:1, v/v), and fecal sterols were counted for 14 C and 3 H labels. Cholesterol absorption was calculated as described previously (7) . For plasma plant sterol measurements, food was removed from the cages at 10 AM and the animals allowed access to water. At 3 PM, mice were anesthetized with an intramuscular injection of ketamine/xylazine, and the abdominal cavity was exposed through a ventral excision. The gallbladder bile was aspirated, and blood was drawn through heart puncture. Plasma was immediately separated by centrifugation, and plasma and bile samples were stored at 2808C until analysis. Cholesterol, campesterol, sitosterol, stigmasterol, and brassicasterol concentrations in plasma and bile were determined by a recently described liquid chromatography tandem mass spectrometry method (8) . In this article, plasma plant sterol "levels" are expressed as the ratio of absolute plasma plant sterol concentration (in mg/dl) to absolute total plasma cholesterol concentration (in mg/dl), and absolute biliary plant sterol concentrations are expressed in mg/l. The biliary-to-plasma ratio for each plant sterol is the ratio of absolute bile concentration to the level in plasma.
Statistical analyses
Differences in plasma plant sterol levels, cholesterol absorption rates, biliary plant sterol concentrations, and ratio of bileto-plasma plant sterol levels between 14KK, 14PKK, or 14DKK animals and their age-and sex-matched C57BL/6J controls were analyzed using an unpaired Student's t-test. Values are expressed as means 6 SD.
RESULTS
To determine whether the locus on chromosome 14 affects the plasma concentration of plant sterols and the absorption of cholesterol from the intestine, we generated a chromosome 14 congenic strain, designated 14KK, homozygous for a 56 cM CASA/Rk interval from 4 to 60 cM, that was introgressed onto the C57BL/6J background ( Fig. 1 ). In our original study, the genotypic mean for total plasma campesterol level in F2 mice homozygous for the CASA/Rk allele marker at the peak of the chromosome 14 locus (D14Mit18) was 33% lower than that for F2 mice homozygous for the C57BL/6J allele at this marker (4). To confirm this finding, plasma plant sterol levels were measured in 14KK congenic mice and age-and sex-matched C57BL/6J controls. As shown in Table 1 for 14KK congenic males, plasma campesterol, sitosterol, stigmasterol, and brassicasterol levels were significantly lower than in age-and sex-matched controls. Furthermore, in 14KK males, plasma levels of campesterol and sitosterol, the two major plasma plant sterols, were 31% and 37% lower than in controls, respectively. Thus, the magnitude of the effect in 14KK males was approximately equal to that seen for the genotypic means of the chromosome 14 locus in F2 mice in the original cross. In contrast to what was seen for congenic males, and as shown in Table 1 , 14KK congenic females had plasma plant sterol levels that did not differ from those of age-and sex-matched controls, indicating that the 14KK interval displayed a gender-dependent effect on plasma plant sterol levels.
In 14KK congenic males, lower plasma plant sterol levels could result from a decrease in sterol absorption from the intestine and/or an increase in liver biliary excretion. As a measure of sterol absorption from the intestine, we measured the absorption of cholesterol in 14KK congenic animals. As shown in Fig. 2 for 14KK congenic males, cholesterol absorption rates were significantly lower than in age-and sex-matched controls (68.8 6 4.9% vs. 46.4 6 9.5% in C57BL/6J and 14KK males, respectively; P , 0.003). In contrast, in 14KK females, absorption rates did not differ from those of controls (69.4 6 5.4% vs. 72.4 6 14.7% in C57BL/6J and 14KK females, respectively; P 5 0.68). As an index of the biliary excretion of plant sterols, absolute biliary plant sterol levels were measured and the ratio of absolute biliary plant sterol levels to plasma plant sterol levels was calculated. As shown in Table 1 , in 14KK male and female congenic mice, biliary plant sterol levels did not differ significantly from those in age-and sexmatched controls, and there was no significant difference for the ratios in congenic 14KK animals and age-and sexmatched controls. Finally, the 14KK interval had no effect on food consumption (data not shown). Therefore, in 14KK males, a decrease in sterol absorption from the intestine is responsible for the decrease in plasma plant sterol levels.
To better understand the effect of the chromosome 14 locus, we generated two subcongenic strains, 14PKK and 14DKK, with different chromosome 14 CASA/Rk intervals, which together cover the entire 14KK interval. As shown in Fig. 1 , 14PKK subcongenic mice are homozygous for a 15.5 cM CASA/Rk interval from 4-19.5 cM and contain the peak for plasma plant sterol linkage at 17 cM (4). As shown in Table 2 , in subcongenic 14PKK males and females, plasma plant sterol levels were significantly lower than in age-and sex-matched controls, with brassicasterol showing only a trend toward lower levels in males. Furthermore, as shown in Fig. 2 , in subcongenic 14PKK males and females, cholesterol absorption rates were significantly lower than in age-and sex-matched controls [80.7 6 3.7% vs. 46.3 6 13.8% in C57BL/6J and 14PKK males, respectively (P , 0.0002) and 75.9 6 4.4% vs. 44.6 6 18.9% in C57BL/6J and 14PKK females, respectively (P , 0.003)]. Interestingly, as shown in Table 2 , although in 14PKK subcongenic animals absolute biliary plant sterol levels did not differ significantly from those in age-and sex-matched controls, both male and female subcongenic mice displayed differences in bile-to-plasma ratios. Therefore, as shown in Table 2 for 14PKK animals, there were significant increases in the ratios for campesterol and sitosterol, with the ratios for stigmasterol and brassicasterol being nearly significant in males and increased significantly in females. Finally, the 14PKK interval had no effect on food consumption (data not shown). Therefore, in 14PKK males and females, decreased sterol absorption from the intestine in conjunction with increased biliary sterol excretion appears to be responsible for the decrease in plasma plant sterol levels.
As shown in Fig. 1 , 14DKK subcongenic animals are homozygous for a 40.5 cM CASA/Rk interval from 19.5-60 cM that covers the distal end of the chromosome 14 locus. As shown in Table 3 and Fig. 2 , subcongenic 14DKK males and females displayed plasma plant sterol levels and cholesterol absorption rates that were significantly lower than in age-and sex-matched controls [cholesterol absorption rates of 79.1 6 3.2% vs. 40.6 6 8.5% in C57BL/6J and 14DKK males, respectively (P , 0.0001) and 84.6 6 6.4% vs. 50.1 6 12.1% in C57BL/6J and 14DKK females, respectively (P , 0.0002)]. As shown in Table 3 , in 14DKK subcongenic mice, there was a gender-dependent effect on absolute biliary concentrations and the ratio of biliary to plasma plant sterol levels, with no effect in males and both decreased in females (45-61% and 33-47%, respectively). The apparent decreased excretion in females should act to increase plasma plant sterol levels and therefore cannot explain the decreased levels actually observed. Finally, the 14DKK interval had no effect on food consumption (data not shown). Therefore, in 14DKK mice, the decrease in plasma plant sterol levels is attributable primarily to decreased intestinal sterol absorption.
DISCUSSION
This study confirms and extends our previous QTL analysis suggesting a strong locus for plasma plant sterol levels on mouse chromosome 14. Studies in one congenic and two subcongenic strains indicate that the locus is complex, with at least two sets of genes. In the proximal part of the locus, one set of genes operates to decrease intestinal sterol e Values are ratios of absolute biliary free plant sterol to plasma plant sterol levels. Fig. 2 . Cholesterol absorption in congenic 14KK and subcongenic 14PKK and 14DKK males and females. Chowfed animals were placed in metabolic cages, and cholesterol absorption was measured using a modified form of the dual-isotope method as described in Methods. Congenic ( absorption and increase biliary sterol excretion, whereas in the distal part of the locus, one or more genes acts mainly to decrease intestinal sterol absorption. Breakthroughs have occurred in the last few years that have broadened our understanding of the molecular basis of intestinal sterol absorption and biliary sterol excretion. A rare inborn error in plant sterol metabolism, phytosterolemia, was found to be attributable to homozygosity or compound heterozygosity for mutations in two adjacent ATP cassette binding hemitransporters, which map to the short arm of human chromosome 2, ABCG5, and ABCG8 (9, 10) . Additional studies have suggested that these hemitransporters must heterodimerize to successfully efflux plant sterols and cholesterol from enterocytes back into the intestinal lumen and from the liver into bile (11) . In addition, studies in a relatively homogeneous Micronesian population on the Pacific island of Kosrae have shown that heterozygosity for a dysfunctional ABCG8 allele is sufficient to increase plasma plant sterol levels and suppress the synthesis of cholesterol. This suggests that even carriers of a dysfunctional mutant ABCG8 allele have increased sterol absorption and/or decreased sterol excretion (12) . In other studies, a search for transcripts homologous to the human Niemann-Pick C1 gene led to the discovery of the Niemann-Pick C1-Like1 (NPC1L1) gene, which maps to human chromosome 7 and when knocked out in mice results in nearly 70% diminished sterol absorption (13 -15) . Because studies in cell cultures transfected with NPC1L1 disclosed a complex intracellular trafficking with relation to cellular cholesterol content (16) , it appears that NPC1L1 acts in concert with other genes in an intestinal cholesterol absorption pathway not yet fully revealed.
Notwithstanding the discoveries of ABCG5/ABCG8 and NPC1L1, the pathway(s) resulting in net intestinal sterol absorption are complex and probably involve many other genes. This concept is supported by mouse mapping studies of loci that regulate cholesterol absorption and/or plasma plant sterol levels (17) . Cholesterol absorption mapping studies using the inbred mouse strains 129P3, AKR, BALB/c, C3H/He, C57BL/6J, DBA/2J, and SJL have identified the following seven loci: chromosome 1 at 57 cM (LOD 5 2.1), chromosome 2 at 64 cM (LOD 5 3.5), chromosome 5 at 57 cM (LOD 5 3.3), chromosome 6 at 51 cM (LOD 5 2.0), chromosome 10 at 24 cM (LOD 5 1.9), chromosome 15 at 58 cM (LOD 5 2.0), and chromosome 19 at 16 cM (LOD 5 1.6) (18) . Mapping studies for genes regulating plasma plant sterol levels (a surrogate for cholesterol absorption) by our group in an intercross between C57BL/6J and CASA/Rk mice revealed three loci: chromosome 14 at 17 cM (LOD 5 9.9), chromosome 2 at 18 cM (LOD 5 4.1), and chromosome 2 at 65 cM (LOD 5 3.65) (4). It is noteworthy that these loci represent potentially novel genes, because the Abcg5/Abcg8 and Npc1l1 genes map to mouse chromosomes 17 and 11, respectively. The current study suggests at least two genes at the chromosome 14 locus, which predominantly regulate intestinal sterol absorption.
The main uses of the congenic and subcongenic strains reported here are to confirm the chromosome 14 locus for plasma plant sterol levels suggested in our previous quantitative trait locus analysis and to clarify the mechanism(s) whereby this locus affects plasma plant sterol levels. Indeed, studies in 14KK congenic males disclosed that a decrease in sterol absorption from the intestine is likely to explain the decrease in plasma plant sterol levels in this gender. Unexpectedly, however, studies in 14KK females found no effect on either sterol absorption or plasma plant sterol levels. Our original linkage studies on plasma plant sterol levels were done on pooled data of F2 males and females (4); therefore, we reanalyzed the linkage in each gender separately. Interestingly, the analyses failed to disclose linkage differences that explain the observed gender effect at the 14KK interval (data not shown). Hence, we do not have a satisfactory answer for why our linkage studies failed to predict the genderdependent effect at the 14KK interval. Therefore, it is likely that gender-dependent gene-gene interactions in a complex locus that harbors at least two genes that modify plasma plant sterol levels failed detection by our analytical tools. Support for the presence of such interactions is provided by our findings in 14PKK and 14DKK subcongenic strains. Our studies in 14PKK animals indicate that the 14PKK interval harbors one or more genes that decrease plasma levels of plant sterols through decreases in sterol absorption from the intestine and increases in liver-biliary excretion. These findings correlate with the Abcg5/Abcg8 effect on sterol metabolism in the intestine and liver, respectively. However, because Abcg5/Abcg8 do not map to the 14PKK interval, it is possible that the causative gene(s) at the 14PKK interval affects plasma plant sterol levels through effects on the activity of Abcg5/ Abcg8. Moreover, our studies in 14DKK animals clearly show that the 14DKK interval harbors one or more additional genes that decrease the plasma level of plant sterols, predominantly through decreases in sterol absorption from the intestine. Therefore, gender-dependent interactions of genes at the 14PKK and 14DKK intervals are likely to underlie the 14KK interval effect on plasma plant sterol levels and sterol absorption from the intestine. In summary, this study indicates that chromosome 14 harbors genes that modify plasma plant sterol levels and the intestinal absorption of cholesterol. Furthermore, the data strongly suggest that the predominant effect of these genes occurs at the intestine. It is expected that further narrowing of this interval through studies in additional subcongenic strains, in conjunction with studies of intestinal expression and sequence variation in genes at this locus, will lead to the discovery of novel genes in the cholesterol absorption pathway.
